Summary
Introduction

23
Both in vertebrates and invertebrates, collision-detecting neurons are typically located in higher order 24 nuclei and neuropils, several synapses away from the sensory periphery. In fish, for example, collision 25 detecting neurons are found in the optic tectum and the hindbrain (Preuss et al., 2006; Dunn et al., 2016;  26 Temizer et al., 2015) . Similarly, in birds they were identified in the nucleus rotundus of the thalamus, a 27 major recipient of ascending tectal projections (Wang and Frost, 1992; Sun and Frost, 1998) . In mice and 28 cats, they have been documented in the superior colliculus (Liu et 
36
Although we know much about the response properties of collision-detecting neurons in the systems 37 mentioned above, at present the connectivity patterns of their presynaptic networks and their 38 computational roles remain largely unknown. We took advantage of a well-characterized circuit dedicated 39 to collision avoidance in locusts to investigate these issues.
40
The lobula giant movement detector (LGMD) in the locust is an identified visual neuron in the third 
77
Calcium enters the excitatory dendritic field of the LGMD exclusively through the calcium-permeable 78 nicotinic receptors associated with its afferents (Fig. 1A, top ; Supp. Fig. 1A ) and determined the dendritic branches activated by each 103 stimulus (Fig. 1A, bottom) . Previous work showed that a single dendritic branch is activated by more than 104 one ommatidium (facet) and that the amount of overlap in dendritic activation decreases with inter-105 ommatidial distance, becoming close to zero for a separation of four ommatidia (Zhu and Gabbiani 2016, (Wilson, 1975) , we separated the stimuli by 8° to minimize dendritic overlap. Indeed, we found that the 108 branches activated by these stimuli intersected only minimally, as illustrated in Fig. 1A , bottom. How 109 does the expanding shadow pattern of a looming stimulus activate such a dendritic retinotopic mapping?
110
To address this question, we presented looming stimuli with a relatively high half-size (l) to speed (|v|) 111 ratio, l/|v|=120 ms, and thus a long time of approach (Fotowat and Gabbiani, 2007) , maximizing our 112 ability to resolve temporally the associated calcium signals ( 
117
The same data is presented on an expanded time scale in Fig. 1C (middle panel).
118
Unexpectedly given the retinotopic organization of the excitatory dendritic field, we found that the 
129
We further analyzed the calcium responses on a finer spatial scale by considering each imaged dendritic 130 branch separately (Fig. 1D, top) . We first defined a threshold dF/F activation as 5 times the baseline noise 131 of dF/F (dashed line, Fig. 1D , bottom; Methods). The baseline noise was defined as the maximum of the 132 dF/F values over the 2 s preceding the onset of the visual stimulus. We call the time at which dF/F crosses 133 this threshold relative to the time at which the stimulus reaches its maximal size the rise time. We 134 compared the rise times of all the branches and found that the branch that had the earliest rise time 135 mapped to the center square on the display ( Fig. 1D and E, top; compare with Fig. 1A, bottom) . In the 136 following, we will call this branch the (dendritic) looming center. As predicted from retinotopy, the rise 137 time increased in an orderly manner with the distance (in the imaging plane) of each branch from the 138 looming center, a result consistent across animals (Fig. 1E, bottom) . We also found that dF/F integrated 139 over time up to its peak, an indirect measure of cumulative calcium influx, decreased as a branch lied 140 farther from the looming center (Fig. 1F, top) . This result was again consistent across animals (Fig. 1F Fig. 2A, B) . Next, we checked how closely OGB-5N calcium responses track and the looming center and found an orderly increase (Fig. 2J) . The minimum lag at the looming center 166 amounted to 0.11 ± 0.09 s (n = 7 animals). As expected from these last two results, the peak of the cross-167 correlation decreased with increasing time lag at the peak ( 
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To study the effects of putative muscarinic acetylcholine receptors (mAChRs) located at the presynaptic 175 terminals of the LGMD on looming responses, we compared the activation pattern on the LGMD 176 excitatory dendritic field before and after puffing the agonist muscarine. As illustrated in one example in broadening (p=0.0002, paired t-test) of these curves following muscarine application. Next, we pooled the 188 data across five animals and found that the peak dF/F decreased with increasing distance from the 189 looming center both before and after puffing muscarine (Fig. 3G) . Additionally, the magnitude of the 190 slope of the peak dF/F as a function of the distance from the looming center significantly decreased after 191 puffing muscarine.
193
We then compared the activation pattern on the LGMD excitatory dendritic field in response to looming 194 stimuli before and after puffing the muscarinic antagonist scopolamine (Fig. 3H-N (Fig. 3N) . However, we did not observe a significant difference in the slope of the peak dF/F 202 as a function of the distance from the looming center before and after puffing scopolamine (Fig. 3N ).
203
Thus, the effects of scopolamine are nearly opposite to those observed when applying muscarine. Fig. 4C, bottom) . On each selected dendritic branch (Fig. 4D) , the amplitude of dF/F in response to a 237 small translating stimulus was stronger than in response to the same stimulus flanked by drifting gratings 238 at a separation of 50°, consistent with activation of lateral inhibition (Fig. 4E, 4F ). After puffing 239 scopolamine, the amplitude of the dF/F on each selected dendritic branch decreased (Fig. 4G, 4H ).
240
However, the lateral inhibition persisted. We employed flanking gratings with separations of 70, 50, 30 241 and 7.5° and computed the amplitude of dF/F on every selected dendritic branch after puffing 242 scopolamine versus before puffing in five animals (Fig. 4I) . The amplitudes of dF/F after puffing 243 scopolamine were significantly smaller than before puffing across the animals (p<10 -9 for all stimuli 244 types, paired t-test). The time at peak dF/F before and after puffing scopolamine did not significantly 6 change for two separations (30° and 50°) while in the remaining three cases the change was small (-1.1% 246 change at 70°; -4.2% at 7.5° and -1.8% for no grating; Fig. 4J ). The mean amplitudes of dF/F for all the 247 branches in each animal decreased with closer flanking gratings, both before and after puffing 248 scopolamine (Fig. 4K) . However, the subtraction of the mean amplitudes of dF/F before puffing 249 scopolamine from that after puffing showed no statistical difference in response to all five different visual 250 stimuli ( Fig. 4L and legend) . This suggests that blocking mAChRs presynaptic to the LGMD with 251 scopolamine did not influence dynamic lateral inhibition.
252 253
Next, we tested the influence of muscarine on dynamic lateral inhibition using the same protocol as 254 above. In response to the small translational stimulus, activation on the LGMD excitatory dendrites 255 increased after puffing muscarine (Supp. Fig. 4A ). On each selected dendritic branch (Supp. 
273
Taken together, lateral interactions between transmedullary afferents through mAChRs at presynaptic 274 terminals onto the LGMD do not appear to generate dynamic lateral inhibition.
276
Horizontal band-restricted looming stimuli activate lateral branches better than looming stimuli.
277
To further study the dendritic activation pattern elicited by looming stimuli, we designed looming stimuli (Fig. 5A, right) along the first principal axis (magenta line) was narrower than that of 282 the standard looming response (Fig. 5A, left) . Surprisingly, we found that the activation width of the 283 horizontal band-restricted looming response (Fig. 5A, middle) was wider than that of the standard 284 looming response (Fig. 5A, left) . On each selected dendritic branch (Fig. 5B) , we compared the calcium 285 responses to the standard looming stimulus (Fig. 5C, left) , the looming stimulus restricted to the 286 horizontal band (Fig. 5C, middle) and to the vertical band (Fig. 5C, right) , respectively. We found that the 287 farther a branch was from the looming center the smaller its calcium responses were both to standard 288 looming (Fig. 5C, left) and to vertical band-restricted looming (Fig. 5C, right) . The latter responses 289 decreased even more strongly with distance from the looming center. However, in response to horizontal 290 band-restricted looming, calcium responses did not decrease with distance from the looming center and 291 even increased slightly (Fig. 5C, middle) . To show this more directly, we plotted the peak dF/F on each 292 selected dendritic branch, normalized to the peak dF/F on the branch that mapped to the looming center,
293
as a function of distance to the looming center across animals (n=5 animals; Fig. 5D ). We found that with 294 increased distance from the looming center the normalized peak dF/F decreased fastest in response to the 295 vertical band-restricted looming stimulus, while the normalized peak dF/F increased a bit and then 296 7 decreased slowest in response to the horizontal band-restricted looming stimulus (Fig. 5D) . By comparing 297 the activated width along the first principal and second principal axis in response to standard looming, to 298 horizontal, and to vertical band-restricted looming across animals (Fig. 5E ), we found that the activated 299 widths along the second principal axis for the three cases were similar (blue traces; p=0.15, one-way 300 ANOVA). However, along the first principal axis the activated width in response to horizontal band-301 restricted looming was the biggest, and the activated width in response to vertical band-restricted looming 302 was the smallest (red traces). Interestingly, along the first principal axis, the activation strength at the 303 center branch is not the strongest in response to horizontal band-restricted looming as there is a clear 304 groove at the center position (Fig. 5E, middle) . We computed the ratio of the full-width-at-half-maximum
305
(FWHM) of the activation along the first principal axis in response to horizontal or vertical band-306 restricted looming to that in response to standard looming (Fig. 5F ). The horizontal-based ratio was larger 307 than 1 and the vertical-based ratio smaller than 1 for all the animals (Fig. 5F, n=5, p=0 .0088, paired t-308 test). When we carried out a similar analysis for small translating squares motivated by the wide 309 fluorescence pattern observed in Fig. 5C , we also found increased activation for small squares relative to 310 looming stimuli (Supp. Fig. 5 ).
312
Presynaptic mAChRs partially counteract global inhibition upstream of the LGMD.
313
To better understand why the activation of lateral branches is weaker in response to standard looming 314 stimuli than to band-restricted horizontal looming stimuli and small translating squares, we designed 315 flicker-off stimuli with different angular sizes (Fig. 6A) . The activated dendritic area initially increased as 316 the size of the stimulus increased (Fig. 6B) . However, for sizes exceeding 40° the magnitude of the peak 317 dF/F decreased dramatically as angular size further increased up to 100° (Fig. 6B ). This suggests the 318 existence of size-dependent inhibition upstream of the LGMD excitatory dendrites that was strongly 319 activated by stimuli larger than 40º. Next, we tested the influence of scopolamine and muscarine on this 320 novel, global type of inhibition. The peak dF/F of the center branch (Fig. 6C ) and the mean peak dF/F of 321 all selected branches (Fig. 6D ) decreased as the size of the stimulus exceeded 40°. After puffing 322 scopolamine, the peak dF/F of the center branch (Fig. 6C ) and the mean peak dF/F of all selected 323 branches ( Fig. 6D ) was reduced for all stimuli, irrespective of size. After puffing muscarine, the peak 324 dF/F of the center branch (Fig. 6E ) and the mean peak dF/F of all the selected branches ( 
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Blocking muscarinic lateral excitation decreases the LGMD's spatial coherence preference.
330
Recent research has demonstrated that the LGMD is selective for the spatial coherence of approaching 331 objects and that this selectivity is partially explained by the interaction of hyperpolarization activated, 332 cyclic nucleotide gated (HCN) channels with a slowly inactivating K + current in the dendrites of the
333
LGMD (Dewell and Gabbiani, 2017 individual coarse pixels increasingly far from their original position (Fig. 7A, bottom) .
345
To test whether mAChR-mediated lateral excitation increases coherence preference, we presented such 346 stimuli while recording the firing rate of the LGMD before and after blocking it with scopolamine. Across 347 8 stimulus conditions, the timing of LGMD firing remained similar after adding scopolamine, but with 348 much lower firing rates (Fig. 7B, C 
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We have summarized in Supp. Electronics). The monitor was calibrated to ensure linear, 6-bit resolution control over luminance levels.
493
A 100-120 s delay was used between stimuli and locusts were repeatedly brushed and exposed to light 494 flashes and high frequency sounds to decrease habituation. 'Coarse' looming stimuli were generated as in 
518
Imaging, electrophysiology, pharmacology, and data acquisition.
519
We 
525
Scopolamine, resp. muscarine were prepared at 6 mM in locust saline containing fast green (0.5%) to 526 visually monitor the affected region. They were puffed using a pneumatic picopump (PV830, WPI, 
554
The peak dF/F values at the pixels above threshold were retained and passed through a Gaussian filter 555 with a standard deviation sigma = 5 pixels. In Fig. 1D , we selected the threshold value (dashed line) to be 556 well above noise level, so that calcium signals were unambiguously increasing at those time points. The 557 results in Fig. 1E and F are robust to changes of the threshold around that value.
559
To map the dendritic receptive fields of square flashes at 5 locations on the screen, we first measured the 560 peak dF/F spatial map in response to individual square flashes. For this purpose, we first filtered the 561 pixels that were above the noise level (see above), then computed the maximum of the peak dF/F over all 562 the pixels and retained those pixels above 4% of the maximum. This additional thresholding step was 563 necessary due to the small amplitude of peak dF/F in response to square flashes. The threshold was 564 selected to eliminate falsely positive dF/F pixels outside the dendritic branches. The branches that were 565 covered by the retained pixels were taken to be the dendritic receptive fields of that square flash.
567
The principal axes of the peak dF/F spatial map were computed by first scaling and rounding the intensity 568 of the peak dF/F at each pixel into integers. Next, we took these integers for each pixel as the number of 569 identical data points with coordinates matching those of that pixel. After that, we performed principal 570 component analysis on all these data points to extract the first principal component that had the largest 571 variance and the second principal component orthogonal to the first one. We rotated the peak dF/F spatial 572 map to make the first or second principal axis horizontal, and summed the values of peak dF/F along the 573 vertical axis to get the projected values along each principal axis.
575
To make plots, the membrane potential was first median-filtered over a time window of 30 ms and down-576 sampled 100 times (to 50 Hz).
578
Statistics.
579
For paired comparison of the control and scopolamine groups, we performed a nonparametric one-tailed control and muscarine was unambiguous already after testing 3 animals (Fig. 6E, F 
